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Eects of organised media on the excited-state proton transfer in
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Absorption and Ñuorescence characteristics of 2-(2@-pyridyl)benzimidazole (2-PBI) are studied in the presence of a- and b-
cyclodextrins (CD) in aqueous solution at two dierent pHs. Steady-state and time-resolved Ñuorescence measurements are used
for the investigation of the eect of organised media on the excited-state proton transfer reaction in 2-PBI. Semi-empirical CI
calculation for the geometry of the molecule reveals that the 2-PBI molecule may be involved in hostÈguest complex formation
with a-CD and b-CD in dierent conÐgurations. NMR measurements corroborate this, providing information about the orienta-
tion of the 2-PBI molecule inside the cavity of the CDs. No complex formation was evident in c-CD owing to its larger cavity
dimension compared to the size of the 2-PBI molecule.
Derivatives of benzimidazole are known to exhibit interesting
photochemical and photophysical properties,1h5 e.g. excited-
state proton transfer (ESPT) for proton transfer lasers.6h8 In
particular, the protonated pyridyl derivatives of benzimid-
azole undergo photoinduced PT reactions in the excited
singlet state9,10 owing to dierent acidÈbase properties.11
These processes are extremely fast, of the order of picose-
conds. This type of study can provide information about the
structure, conÐguration and energy states of the molecules in
the excited state and their suitability as laser dyes12,13 and
photostabilisers for polymers.14
Photophysical properties of pyridylbenzimidazoles in
various organic solvents have been studied by Kondo15 and
Brown et al.16 Kondo15 observed that the Ñuorescence of
2-(2@-pyridyl)benzimidazole (2-PBI) was considerably
quenched in alcoholic solvents compared to other solvents
and also compared to other pyridyl isomers in alcohols. This
anomalous behaviour of 2-PBI molecule in alcohols has been
attributed to hydrogen atom transfer from the imidazole ring
to the pyridyl nitrogen atom, facilitated by alcohols probably
forming a bridge-type hydrogen-bonded complex. ESPT reac-
tions of 2-PBI molecules in aqueous solution have been
studied by Prieto et al.9 Four dierent protonated/
deprotonated species of 2-PBI in the ground state have been
identiÐed, depending on the acidity of the medium. In acid
media (pH ca. 3), the monocation (C), which is protonated at
the benzimidazole nitrogen atom (N) exhibits dual Ñuores-
cence, one of the bands (at ca. 466 nm) having a large StokesÏ
shift with respect to the normal emission band (at ca. 380 nm)
has been attributed to the formation of an excited species (T*),
due to photoinduced PT from the benzimidazole nitrogen
atom to the pyridyl nitrogen atom (Scheme 1).
Here, we report the eect of change in the microenviron-
ments around the 2-PBI molecule in aqueous solution on its
ESPT properties, studied by steady-state and time-resolved
Ñuorescence and 1H NMR. CDs, known to form inclusion
complexes with molecules of compatible size, i.e. with a good
match between the host and the guest molecules,17,18 may
aect the microenvironment around the probe molecules by
hydrophobic interactions.19 Such interactions have been used
to investigate the ESPT properties of dierent compounds in
aqueous solutions.20,21 Three types of CDs, diering in the
number of glucose rings a-CD (six rings), b-CD (seven rings)
and c-CD (eight rings)], having central cavities of dierent
¤ E-mail : mukherji=magnum.barc.ernet.in
Ðxed sizes, are supposed to inÑuence the microenvironment
dierently by accommodating dierent parts of the probe mol-
ecule inside their cavity.
Experimental
Materials
Pure 2-PBI was kindly supplied by Prof. K. C. Dash, Utkal
University, Bhubaneswar. CDs were obtained from Fluka. All
solutions were freshly prepared using water from BarnsteadÏs
nanopure water Ðltering assembly, having speciÐc conductivi-
ty \ 0.1 lS cm~1. GR grade and NaOH were used toHClO4adjust the pH.
Apparatus
A Shimadzu UVÈVIS-160A spectrophotometer was used for
the ground-state absorption measurements. Steady-state Ñuo-
rescence measurements were performed on a Hitachi model
F-4010 spectroÑuorimeter. A time-correlated single-photon
counting spectrometer (Edinburgh Instruments, model 199)
was used for the Ñuorescence lifetime measurements. A
hydrogen-Ðlled coaxial Ñashlamp with ca. 1 ns time duration
(FWHM) was used as the excitation source. The Ñuorescence
decay curves were analysed by a deconvolution procedure
using a proper instrument response function. An Orion ion-
alyser 901 coupled with a glass electrode was used for the
measurement of pH. 1H NMR measurements were carried out
in solutions on a Bruker Avance DPX-300 NMRD2Ospectrometer employing a solvent suppression technique. All
measurements were made at room temperature (298 K).
Scheme 1
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Preparation of samples
Aqueous solutions of 2-PBI (ca. 1] 10~5 mol dm~3) were
prepared by sonicating a mixture of 2-PBI powder and nano-
pure water. Aqueous solutions of CDs (ca. 3 ] 10~2 mol
dm~3 a-CD and ca. 1.5] 10~2 mol dm~3 b-CD) were pre-
pared by taking the required amounts of the CDs by weight
and dissolving them in the stock solution of 2-PBI. Aliquots
were diluted with the stock solution of 2-PBI to get solutions
with the same concentrations of 2PBI but dierent concentra-
tions of a-CD and b-CD. The pH of the solutions was adjust-
ed by adding or NaOH, allowing for the values ofHClO4 pKathe CDs and their stability in aqueous solution.22 The pKavalues of a-, b- and c-CDs are 12.33, 12.20 and 12.08, respec-
tively.22 They undergo acid hydrolysis at pH\ 3.5, and are
unstable at higher temperature. It has been found that they
are fairly stable between pH 3.5 and 11 and at temperatures
lower than 60 ¡C.22 Our experiments were carried out under
these conditions. The lowest pH used for the ESPT study was
3.8 as the ground-state of the monocation to neutralpKa2-PBI equilibrium is 4.41. Quinine sulfate in 0.5 mol dm~3
(/\ 0.55)23 was taken as the standard for determi-H2SO4nation of Ñuorescence quantum yields (/).
Results and Discussion
Fluorescence characteristics of 2-PBI in three non-aqueous
solvents : methanol, acetonitrile and cyclohexane, reveal emis-
sion maxima at 361 nm (/\ 0.06), 370 nm (/\ 0.75) and 349
nm (/\ 0.75), respectively, with Ñuorescence lifetimes of 0.2
ns (53%) and 1.5 ns (47%) in methanol, 1.10 ns in acetonitrile
and 1.16 ns in cyclohexane. The emission maxima and the
Ñuorescence lifetime values determined in our laboratory are
in perfect agreement with those reported by Brown et al.16
The very low quantum yield (0.06) in methanol compared to
those in cyclohexane (0.75) and acetonitrile (0.75) can be
explained by strong intermolecular hydrogen bonding in
methanol with one of the solvent alcohol molecules involving
both the benzimidazolyl and pyridyl nitrogen atoms, as shown
in Scheme 2. In addition, the biexponential nature of the Ñuo-
rescence decay in methanol shows the existence of two dier-
ent hydrogen-bonded structures in equilibrium (I and II) in
the excited singlet state. The longer-lived component can
possibly be associated with the normal form, I and the
shorter-lived one with the proton transfer form, II, as will
become evident in the course of this study.
Fig. 1 (inset) shows the ground-state UVÈVIS absorption
spectra of 2-PBI in the absence and the presence of 2.2 ] 10~2
mol dm~3 a-CD at pH 7. A spectral shift of ca. 5 nm to longer
wavelength suggests a preferential binding of 2-PBI within the
a-CD cavity. However, the change in the absorption spectra is
too small to allow estimation of the binding constant using a
BenesiÈHildebrand plot.24 Similar changes were observed at
pH 3.8 with a-CD, but no detectable changes were observed
in the absorption spectra of 2-PBI in the presence of b-CD at
either pH.
The Ñuorescence spectra showed considerable changes upon
addition of a-CD and b-CD. However, addition of c-CD did
not produce any change in the photophysical behaviour of
Scheme 2
Fig. 1 (a) Corrected excitation and Ñuorescence spectra of 2-PBI
at pH 7 in the presence of (ÈÈÈ) 0.0, (È È È È) 0.24, (É É É É É É) 0.5 and
(É È É È É) 2.2 ] 10~2 mol dm~3. (b) Corrected Ñuorescence spectra of
2-PBI at pH 3.8 the presence of : (ÈÈÈ) 0.0, (È È È È) 0.8 and
(É É É É É É) 2.2] 10~2 mol dm~3. Inset : absorption spectra of 2-PBI in
aqueous solution at pH 7, (ÈÈÈ) in the absence and (È È È È) in the
presence of 2.2] 10~2 mol dm~3 a-CD.
2-PBI molecules, probably owing to the larger cavity size
compared to the size of the 2-PBI molecule. Fig. 1 shows the
corrected Ñuorescence spectra of 2-PBI in aqueous solution in
the absence and presence of dierent concentrations of a-CD
at pH 7 and 3.8, respectively. The photophysical parameters
for 2-PBI determined from the steady-state and time-resolved
Ñuorescence studies are given in Table 1. At pH 7, where only
the neutral form (N) of 2-PBI exists in solution, the Ñuores-
cence spectra showed a blue shift of ca. 17 nm in the emission
maximum, from 380 nm in the absence of a-CD, to 363 nm in
its presence. The Ñuorescence quantum yield (/) is increased
from 0.05 in aqueous solution to 0.14 in the presence of
2.2] 10~2 mol dm~3 a-CD. A ca. three-fold increase in the
Ñuorescence quantum yield suggests the absence of bridge
type hydrogen-bonded complex formation (Scheme 2) in the
presence of a-CD, because a proton-transposition-like mecha-
nism, operated via the intermolecularly hydrogen-bonded
bridge-type complex, has been found to be responsible for
Ñuorescence quenching of 2-PBI in alcoholic and aqueous
solutions. A red shift of ca. 5 nm has also been observed for
the Ñuorescence excitation maximum at this pH. These
observations conÐrm the interaction of 2-PBI molecule with
a-CD.
At pH 3.8, where the singly protonated cation form (C) of
the molecule exists in solution, the emission maximum at 380
nm showed a blue shift of ca. 12 nm to 368 nm in the presence
of 2.2 ] 10~2 mol dm~3 a-CD. The Ñuorescence quantum
yield also increased marginally compared to that in pure
aqueous solution (Table 1). Unlike the case of 2-PBI alone,
where there is a more than three-fold increase in the quantum
yield from pH 7 to pH 3.8, there is a less than two-fold
increase in the quantum yield in the presence of a-CD over
1190 J. Chem. Soc., Faraday T rans., 1998, V ol. 94
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Table 1 Photophysical parameters of 2-PBI in aqueous solution
chemical K/ species
pH system dm3 mol~1 /tot jem/nm emitting q/ns remarks
3.8 2-PBI È 0.17 380 C* 0.84 single exp. decay at 380 nm
466 T* 1.80 rise time of 0.86 ns at 500 nm
3.8 2-PBI] 100 0.23 368 C* 0.9(0.6) double exp. decay
aCD (CÈa-CD)* 2.6(0.4) at 370 nm
466 T* 2.1 rise time of 0.9 ns at 500 nm
3.8 2-PBI] 60 0.16 375 C* 0.9(0.93) double exp. decay
bCD (CÈbCD)* 2.3(0.07) at 370 nm
466 T* È non-exp. at 500 nm
7 2-PBI 0.05 380 N* 0.06(0.48) double exp. decay
1.10(0.52) at 370 nm
7 2-PBI] 36 0.14 363 N* 1.2(0.42) double exp. decay
aCD (NÈaCD)* 2.8(0.48) at 370 nm
7 2-PBI] Èa 0.05 374 N* 0.28(0.67) double exp. decay
bCD (NÈbCD)* 1.35(0.33) at 370 nm
a K value could not be determined accurately since there was very little change in the Ñuorescence characteristics.
this pH range. However, the major change in the spectral
characteristics observed at pH 3.8 is the reduction of the peak
intensity at 466 nm relative to that at 368 nm. The former has
been assigned to the species T*, formed after the ESPT reac-
tion.9 No shift of the 466 nm Ñuorescence peak was observed
in the presence of a-CD. The large increase in the quantum
yield of 2-PBI alone in aqueous solution on change in pH
from 7 to 3.8 has been attributed mainly to the ESPT pheno-
menon. In the presence of a-CD the decrease in intensity at
466 nm relative to that at 368 nm suggests that there could be
a restricted environment created around the molecule, owing
to formation of an inclusion complex which does not favour
the ESPT reaction (see later).
In Fig. 2, the corrected Ñuorescence spectra of 2-PBI in the
presence of b-CD has been compared with those in its absence
at pH 7 and 3.8, respectively. In these cases also, the emission
maximum at 380 nm shows a blue shift at both pHs (6 nm
and 5 nm at pH 7 and 3.8, respectively), but to a lesser extent
than in the presence of a-CD and without any shift of the 466
nm peak. While the Ñuorescence quantum yield in the pres-
ence of b-CD decreased marginally at pH 3.8, no signiÐcant
change was observed at pH 7 (Table 1). It is evident that the
Ñuorescence characteristics of 2-PBI have been aected to dif-
ferent extents by the two CDs.
We have studied the eect of pH on the emission character-
istics of 2-PBI molecule in the presence of the highest concen-
trations of CDs used in our experiments. Fig. 3 shows the
variation in the peak intensities of the two Ñuorescence bands
of 2-PBI with pH in the presence of CDs. The trends of all the
curves, except that representing the near-UV band of the 2-
PBIÈa-CD system, are similar to that of 2-PBI alone in
aqueous solution.9 The peak intensity of the near-UV band in
the 2-PBIÈa-CD system remains more or less constant for pH
6.5È9.5, but decreases gradually from pH 6.5È3.8, which is in
reverse order to that in 2-PBI alone or in the 2-PBIÈb-CD
systems. The decrease in intensity of this band above pH 10 is
due to the formation of the deprotonated species A, and pKNA(ca. 12) was not aected by the presence of CDs. To rational-
ise the decrease in intensity of the 368 nm peak in the pH
range 6.5È3.8 in the presence of a-CD, individual contribu-
tions of the Ñuorescence of N* or C* and T* in the total Ñuo-
rescence spectra have been obtained by Ðtting the individual
bands with the gaussian line spectra function, such that the
sum of the individual spectra reproduce the experimental Ñuo-
rescence spectra. One such representative Ðtted spectra for
2-PBI alone at pH 3.8 is shown in Fig. 4. The individual rela-
tive quantum yields of C* and T* Ñuorescence are(/C) (/T)presented in Table 2. T does not exist in the ground state, the
relative quantum yield of T*, which is supposed to be formed
by ESPT from C* or N* [eqn. (I)], has been evaluated by
calculating the ratios of the individual integrated areas corre-
sponding to T* and N* or C*. Table 2 shows that the relative
quantum yields of C* and T* at pH 7 are not signiÐcantly
dierent in the presence of b-CD as from those of 2-PBI alone
in aqueous solution. However, in the presence of a-CD, /C
Fig. 2 (a) Corrected Ñuorescence spectra of 2-PBI at pH 7 in the
presence of b-CD: (ÈÈ) 0.0 and (È È È È) 1.45] 10~2 mol dm~3. (b)
Corrected Ñuorescence spectra of 2-PBI at pH 3.8 in the presence of
b-CD: (ÈÈÈ) 0.0 and (È È È È) 1.45] 10~2 mol dm~3.
J. Chem. Soc., Faraday T rans., 1998, V ol. 94 1191
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Fig. 3 Change in Ñuorescence intensity of 2-PBI with pH in the
presence of (a) 2.4] 10~2 mol dm~3 a-CD and (b) 1.3] 10~2 mol
dm~3 b-CD
increases ca. three-fold, whereas reduces considerably. This/Tresult indicates that, in the 2-PBIÈa-CD complex, the 2-PBI
molecule has been well shielded from the water molecules in
the medium, thus preventing reaction, as suggested by Prieto
et al.9
N* ] H2O H T*] OH~ (I)
In the presence of b-CD the yield of T* via reaction (I) is
reduced by half. At pH 3.8 also, the ESPT yield was aected
Fig. 4 Corrected Ñuorescence spectra of 2-PBI molecule at pH 3.8
together with the gaussian Ðt for the individual bands : (ÈÈÈ) experi-
mental curve, (È È È È) Ðtted summed curve and (É É É É É É) individual
curves
Table 2 Fluorescence quantum yields of 2-PBI in the presence of
a-CD and b-CD at dierent pH
/T(relative)\system pH /total /N /C (/total [ /N)//N
2-PBI 7 0.05 0.045 0.11
2-PBI 3.8 0.17 0.09 0.90
2-PBIÈa-CD 7 0.14 0.14 0.00
2-PBIÈa-CD 3.8 0.23 0.13 0.77
2-PBIÈb-CD 7 0.05 0.048 0.04
2-PBIÈb-CD 3.8 0.16 0.08 0.90
considerably in the presence of a-CD but the yield of T* was
not aected.
These changes in the Ñuorescence characteristics of 2-PBI in
the presence of CDs deÐnitely indicate the formation of inclu-
sion complexes. To characterise these complexes it is essential
to determine the association constants and also to Ðnd out in
which conformation the 2-PBI molecule has been introduced
into the CD cavity. Determination of these parameters should
provide information about the change in microenvironment of
the probe molecule on formation of the hostÈguest complex.
Quantitative data on the stoichiometric ratio and association
constants of the inclusion complexes of 2-PBI with CDs may
be calculated from their Ñuorescence characteristics using the
BenesiÈHildebrand equation.24 Assuming 1 : 1 complex forma-
tion,
2-PBI ] CDH 2-PBIÈCD (II)
K \
[2-PBIÈCD]
[2-PBI][CD]
(1)
where, [2-PBIÈCD], [2-PBI] and [CD] are the equilibrium
concentrations of the complex, 2-PBI and CD, respectively.
The concentration of CD being very large compared to that of
the complex formed in the mixture, we assume, [CD]o Bwhere the subscript o Ï indicates the initial concentra-[CD],
tion. Rearrangement of eqn. (1), replacing the various concen-
trations by the Ñuorescence intensity parameters gives :
1
I[ Io
\
1
I1 [ Io
]
1
K[CD]o(I1 [ Io)
(2)
Hence, in the case of 1 : 1 complex formation, a plot of 1/(I
vs. should give a straight line and from its[ Io) 1/[CD]oslope and intercept, the K value can be calculated. For a 2 : 1
complex the corresponding equation may be written as :
1
I[ Io
\
1
I1 [ Io
]
1
K[CD]o2(I1[ Io)
(3)
Here, a plot of vs. should give a straight1/(I[ Io) 1/[CD]o2line and from its slope and intercept the K value for a 2 : 1
complex can be calculated.
BenesiÈHildebrand plots following eqn. (2) for 2-PBI in the
presence of a-CD and b-CD at pH 3.8 gave straight line plots.
The association constants (K) are calculated from the linear Ðt
of the experimental points and are listed in Table 1. A 1 : 1
association between 2-PBI and the CDs is clearly indicated at
both pHs. No linear plot was obtained by plotting 1/(I[ Io)vs. according to eqn. (3) in either case and, hence,1/[CD]o2the possibility of formation of a 2 : 1 complex is ruled out.
Note that the K value is lower at pH 7 than at pH 3.8 in the
case of the complex with a-CD. However, owing to the very
small dierence in Ñuorescence characteristics between 2-PBI
and the 2-PBIÈb-CD inclusion complex, particularly at pH 7,
the errors involved in the K values determined are much
higher than those for a-CD. However, it is certain that the
interaction between 2-PBI and a-CD is stronger than that
between 2-PBI and b-CD.
A knowledge of the orientation of the 2-PBI molecule inside
the CD cavities is necessary to characterise the photophysical
properties of the inclusion complex quantitatively. For this, it
is essential to have a knowledge of the molecular dimensions
of the probe molecule, as well as the CD cavities. The reported
internal cavity diameters (average) of a-CD and b-CD are 4.9
and 6.2 respectively, but the cavity depth of both the CDsÓ,
is 7.8 We have obtained the molecular dimensions ofÓ.25
the 2-PBI molecule from a semi-empirical (CI) calculation, the
result of which, for the ground-state of the neutral form of the
molecule, has been presented in Table 3 and the molecular
dimensions (Scheme 3) were calculated with the help of the
parameters listed in this table.
1192 J. Chem. Soc., Faraday T rans., 1998, V ol. 94
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Table 3 Theoretically calculated geometrical parameters for the optimised ground state of 2-PBI
bond lengtha,b bond anglea,c
N1wH 0.986 C4wC5 1.384 N1wC2wN3 110.0 N3wC2wC2@ 125.1
C4wH 1.100 C5wC6 1.409 C2wN3wC9 105.4 C2wC2@wC3@ 119.0
C5wH 1.100 C6wC7 1.384 N3wC9wC8 109.6 C3@wC2@wN1@ 122.7
C6wH 1.100 C7wC8 1.405 C9wC8wN1 109.6 N1@wC2@wC2 118.3
C7wH 1.100 C8wC9 1.454 C8wN1wC2 105.4 C2@wN1@wC6@ 119.3
C3@wH 1.100 C8wN 1.393 C8wC9wC4 119.3 C2@wC3@wC4@ 118.5
C4@wH 1.100 C2wC2@ 1.477 C9wC4wC5 118.3 C3@wC4@wC5@ 119.3
C5@wH 1.097 C2@wC3@ 1.412 C9wC8wC7 121.2 C4@wC5@wC6@ 123.0
C6@wH 1.105 C3@wC4@ 1.398 C8wC7wC6 117.5 C5@wC6@wN1@ 118.5
N1wC2 1.414 C4@wC5@ 1.392 C7wC6wC5 119.3 HwC5@wC4@ 121.5
C2wN3 1.356 C5@wC6@ 1.409 C6wC5wC4 121.2
N3wC9 1.403 C6@wN1@ 1.391 HwN1wC2 125.0
C9wC4 1.405 N1@wC2 1.362 N1wC2wC2@ 125.0
a The numbers indicate the position of the corresponding atoms in the molecule (Scheme 3) ; b Bond lengths are in c Bond angles are inÓ.
degrees.
The results of these calculations reveal that the neutral form
(N) of the molecule, in its most stable conÐguration in the
ground state, is nearly Ñat, with the aromatic rings of both the
pyridyl and the benzimidazolyl parts lying in the same plane.
The distance between the H atoms at 4@ and 6@, which rep-
resents the physical width of the pyridyl part of the 2-PBI
molecule, is ca. 4.6 whereas the width of the benzimidazoleÓ,
part (i.e. distance between the H atoms at 4 and 7) is 5.1 ItÓ.
is evident that, in the case of the 2-PBIÈa-CD complex, only
the pyridyl part of the 2-PBI molecule can be accommodated
inside the a-CD cavity. The width of the benzimidazole part
being larger than the cavity diameter of a-CD, this part must
be outside the cavity. As the distance between the H atom at
5@ and the carbon atoms at 8 and 9 is 7.5 for the 2-PBIÈa-Ó,
CD complex, the benzimidazolic nitrogen atoms are expected
to be near the wider face of the a-CD molecule, providing
extra stability to the hostÈguest complex via hydrogen-bond
formation with the secondary hydroxy groups of the CD mol-
ecule. On the other hand, for the 2-PBIÈb-CD complex, the
pyridyl part of the probe molecule becomes a loose Ðt and the
benzimidazole part should Ðt well into the cavity. These theo-
retical calculations give reasonable preliminary information
about the complexation.
The actual description of the orientation of the 2-PBI mol-
ecule inside the cavity of CDs has been obtained from NMR
measurements. 300 MHz 1H NMR spectra of saturated solu-
tions of 2-PBI taken in at neutral pH in the absence andD2Opresence of the highest concentrations of the CDs (both a-
and b-CD) are shown in Fig. 5, which also shows the assign-
ments of the NMR peaks and the hydrogen atoms that they
are due to. There is a downÐeld tendency of the NMR peaks
corresponding to the pyridyl protons and in the(P3 , P4 P6)presence of a-CD when compared to the corresponding peaks
obtained in the absence of a-CD. However, owing to the weak
nature of the hydrogen-bonding interaction between the ben-
zimidazolic nitrogen atoms and the secondary hydroxy groups
of a-CD, the shift in the NMR peaks is very small (0.08, 0.03
0.05 and 0 for and respectively) without anyP3 , P4 , P6 P5 ,appreciable change in the peak shape or the splitting patterns.
The interaction involving the benzimidazolic nitrogen atoms
is also evident from the broadening and splitting pattern of
Scheme 3
the benzimidazolic hydrogen atoms, andB3 , B4 , B5 B6 .These observations support our prediction from the theoreti-
cal calculations that, owing to the size factor, the pyridyl part
of the 2-PBI molecule together with the benzimidazolic nitro-
gen atoms should be included in the a-CD cavity.
However, formation of an inclusion complex in b-CD is not
so conclusively evident from the NMR measurement.
Although the broadening and the change in the splitting
pattern of the peaks due to and indicate inter-B4 , B5 B3 , B6action between the benzimidazolic nitrogen atoms of 2-PBI
and the secondary hydroxy groups of b-CD, no shift of these
peaks has been observed due to the presence of b-CD. On the
other hand, the pyridylic protons, except which is close toP3the benzimidazolic protons and has shown a downÐeld shift of
0.04 ppm, have not been aected by complexation with b-CD.
It is evident that, in the 2-PBIÈb-CD inclusion complex, the
benzimidazole part resides inside the b-CD cavity, although
the complexation in this case should be very weak.
In the 2-PBIÈa-CD complex, the pyridyl nitrogen atom is
shielded by the cavity in a hydrophobic environment. There-
fore, the one-step concerted mechanism26 of the ESPT from
the benzimidazole nitrogen atom to the pyridyl nitrogen atom
via a water molecule (Scheme 2 with H in place of Me), as
suggested by Prieto et al.,9 is not possible. So the ESPT
process is observed to be reduced in this solution via the
reduction in the Ñuorescence intensity at 466 nm peak.
However, in the case of the 2-PBIÈb-CD inclusion complex,
the pyridyl part being in aqueous solution, the ESPT reaction
is not much aected in the presence of b-CD because nothing
prevents the pyridyl nitrogen atom from being protonated by
another agent residing in the solution.
Time-resolved Ñuorescence measurements are consistent
with the presence of two species and provide more informa-
tion about the orientation of the probe molecule inside the
cavities of the CDs. Fluorescence lifetimes (q) have been deter-
mined for 2-PBI in aqueous solution in the presence and
absence of dierent concentrations of CDs at two dierent
pHs, 3.8 and 7, and at two dierent wavelengths, 375 nm and
500 nm (Table 1). The lifetimes of 2-PBI in aqueous solution
without CDs are in good agreement with those reported by
Prieto et al. At pH 7, where only the neutral molecule (N)
exists in the solution, the Ñuorescence decay is double-
exponential. The shorter component (60 ps) of the two lifetime
values reported for the dual-exponential decays must be
regarded as an upper-limit value, as it is beyond the limits of
resolution of the instrument. However, there is no doubt that
the decay follows a dual- rather than a single-exponential
process. The dual-exponential nature of the Ñuorescence decay
of 2-PBI in aqueous solution can be explained by the con-
certed hydrogen atom transfer from the benzimidazolic nitro-
gen atom to the pyridyl nitrogen atom, mediated by a water
molecule (Scheme 2 with Me replaced by H). As evident from
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Fig. 5 300 MHz 1H NMR spectra of (a) 2-PBI, (b) 2-PBI in the presence of a-CD and (c) 2-PBI in the presence of b-CD, in D2O
the Ñuorescence spectra, some percentage of the proton trans-
fer form T* is formed, even at pH 7. However, it is very small
in all three cases. The relative Ñuorescence quantum yields,
from the ESPT form are listed in Table/T\ (/Total[ /N)//N2.
At pH 3.8, while the Ñuorescence decay of 2-PBI measured
at 380 nm is single exponential (s\ 0.84 ns) and can be
assigned as due to the monocation, C, the decay measured at
500 nm has a growing component having a rise time of 0.86 ns
and a decaying component having a lifetime of 1.8 ns. Prieto
et al.9 have assigned the latter to the proton-transferred form,
T*, which has been formed from the excited state of the
monocation, C*.
In the presence of a-CD at pH 7, the Ñuorescence decay is
double exponential with lifetimes of 1.2 and 2.8 ns. The Ðrst
component possibly corresponds to the free N molecules and
the latter to the NÈa-CD inclusion complex. However, in this
case, the shorter component of N (q\ 60 ps) is not detected.
The Ñuorescence decay of 2-PBI at pH 3.8 in the presence of
a-CD measured at 375 nm in the emission band of the mono-
cation (C*) is double exponential in nature (Fig. 6, top). The
shorter (0.9 ns) component is clearly assignable to the free
monocation of 2-PBI in the bulk solution, whereas the longer-
lived (2.6 ns) component is due to the inclusion complex. The
Ñuorescence decay measured in the emission band of the
proton-transferred form (T*) at 500 nm in the presence of
a-CD at pH 3.8 also Ðts to a decay trace (Fig. 6, bottom) with
a rise time of 0.9 ns and decay time of 2.1 ns. Thus, it is
evident that, at pH 3.8, only the free 2-PBI molecules residing
in the bulk aqueous phase undergo ESPT to form the T*
Fig. 6 Fluorescence decay curves of 2-PBI in the presence of ca.
2.0] 10~2 mol dm~3 a-CD. Top: pH 3.8, nm,jex \ 310 jem \ 375nm; bottom: pH 3.8, nm, nm.jex \ 310 jem \ 500
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state. However the inclusion complex, due to its restricted
geometry, cannot undergo ESPT.
In the presence of b-CD at pH 7, the Ñuorescence decay of
2-PBI is double exponential with lifetimes of 0.28 and 135 ns,
which can be compared to those obtained in methanol. This
observation further conÐrms that, at this pH, the inclusion
complex 2-PBIÈb-CD is either very weak or absent in the
solution, whereas the 2-PBI molecules see an environment
which is equivalent to that in methanolic solution. At pH 3.8,
where the complexation with b-CD is stronger than at pH 7,
as is evident from the K values (Table 1), the Ñuorescence
decay measured at 370 nm is also double exponential with
decay components of 0.9 and 2.3 ns, which are very similar to
those obtained with a-CD. Hence the shorter and longer com-
ponents can be assigned to free 2-PBI and the 2-PBIÈb-CD
inclusion complex, respectively. However, the Ñuorescence
decay measured at 500 nm is non-exponential and no mean-
ingful lifetimes could be recovered for the Ñuorescence decay.
This non-exponential behaviour of the Ñuorescence decay of
T* indicates that not only free 2-PBI molecules but also the
2-PBIÈb-CD inclusion complex undergo ESPT and the T*
formed in these two cases have dierent lifetimes.
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